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Debris Flow Dating 
and Magnitude Reconstruction 

Juan Antonio Ballesteros-Cánovas, Markus Stoffel, 
Tjalling de Haas and José María Bodoque 

Abstract 

Debris flows typically occur in mountain 
regions with high energy relief, complex geol-
ogy and extreme climate conditions, where 
they often affect humans as well as their cul-
tural and economic assets. Understanding 
the frequency and magnitude of debris flows 
is essential to conduct reliable hazard and 
risk assessments in the context of climate 

warming. However, observational records 
of past and recent debris flows are unusual 
worldwide and difficult to gather. In this chap-
ter, we review methodological advances (after 
Jakob, Debris flow hazards and related phe-
nomena, Springer, 2005) on debris flow dating 
and magnitude estimation. We briefly describe 
the theoretical basis of classical absolute and 
relative dating techniques, including radio-
metric, botanical and historical as well as 
modern approaches based on remote sensing. 
We also review different existing strategies 
to quantify the magnitude of debris flow ret-
rospectively, including empirical equations 
on different parameters (volume, affected 
area, peak discharge or frontal flow veloc-
ity) and the use of latest-available numerical 
models. Finally, we discuss the applicability 
and limitations of the frequency-magnitude 
relationship in the context of hazard and risk 
assessments. The approaches provided in this 
chapter are grounded on field-truthed evi-
dence and contribute to more assertive spatial 
decision-making and to build more resilient 
societies in the context of climate warming. 

Abbreviations 

g	� Gravity (m/s2) 
rc	� Curvature radii (m) 
θ 	� Superelevation gradient (°)
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of fatalities (Dowling & Santi, 2014; Griswold 
& Iverson, 2008; Rickenmann, 1999), and fre-
quency determines how often life and property 
are at risk. Furthermore, the FM of debris flows 
is of crucial importance for land-use and infra-
structure planning and understanding landscape 
evolution (Brardinoni & Hassan, 2006; Mao 
et al., 2009; McCoy, 2015). Dating and mag-
nitude quantification of past and recent events 
not only enable us to decipher climate trigger 
mechanisms (Stoffel, 2010; Stoffel et al., 2014; 
Schneuwly-Bollschweiler and Stoffel, 2012; 
Heiser et al., 2022), but also to identify the influ-
ence of environmental changes on the debris 
flow process (Cannon & DeGraff, 2009; de Haas 
et al., 2018a, 2018b). Long-term records are also 
the basis for the identification of past, present and 
future debris flow trajectories, which contributes 
to determining how they will evolve under cli-
mate change scenarios (Jakob et al., 2020; Stoffel 
et al., 2014; Winter et al., 2010; Stoffel et al., this 
volume). Importantly, extensive databases of past 
debris flows provide ground-truthed evidence for 
the calibration of numerical hydrodynamic mod-
els, thereby facilitating the mitigation of impacts 
to infrastructure and people. However, such long-
term records are still uncommon worldwide and 
are often difficult to gather because debris flows 
have long return periods (van Steijn, 1996) and 
frequently occur in mountain regions where 
observation and monitoring of such events is 
challenging (Imaizumi et al., 2006). The alter-
native to this lack of records is the retrospective 
reconstruction of debris flows that occurred in the 
past. This approach has become relevant to over-
come the lack of baseline data (Savi et al., 2014; 
Schürch et al., 2016), especially in mountain 
areas with recent human developments. It relies 
on the analyses of geomorphic, geological or 
botanical evidence, as well as historical archives 
(Bodoque et al., 2015; de Haas & Densmore, 
2019; Jakob et al., 2020). The global applica-
bility of near-real-time remote satellite sensors 
has also contributed to significant methodologi-
cal advancements in this field over the past few 
decades. 

The applicability of the existing dating tech-
niques is greatly dependent on the nature and 

α 	� Channel gradient (%)
∆h 	� Superelevation (m) 
B	� Width of the flow (m) 
K	� Viscosity factor 
∅ 	� Angle of the channel (°); 
B	� Width of the flow (m); 
hm	� Average flow height 
γ 	� Weight’s unit; 
S	� Channel slope (m/m); 
µ	� Flow viscosity; 
K	� Shape factor; 
H	� Flow thickness (m) 
θ 	� Angle of inclination of the adverse slope 

(°); 
∅ 	� Effective basal friction angle of debris on 

the slope; 
Fr	� Froude number; 
κ 	� Longitudinal pressure coefficient 
h1	� Flow depth (m) 
k	� Relation between exit flow depth and criti-

cal depth (Hong et al. 2010). 
L	� Horizontal drop length from spill way of 

the check dam (in m) 
Hc	� Vertical drop length from spill way to test 

height (in m) 
he	� Vertical drop length from spill way to exit 

flow depth at spill way (in m) 
ρ 	� Fluid density (kg/m3) 
h 	� Average flow depth (m) 
ξ 	� Lumped coefficient in dilatant grain 

shearing 
C 	� Chézy coefficient 
δ	� Factor related to the average flow depth 

(see reference) 
u∗	� Shear velocity (s/m1/3) 
Cv	� Volumetric sediment concentration 

8.1	� Introduction 

Estimating the frequency and magnitude (FM) 
of debris flows is critical for gaining a better 
process understanding and conducting reliable 
hazard and risk assessments (Jakob et al., 2016; 
Thouret et al., 2020; Jakob and Nolde, this vol-
ume). Flow magnitude controls flow velocity, 
flow depth, peak discharge, inundation area, 
and thereby the amount of damage and number 
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(Wilhelm et al., 2019). Yet, debris flows are 
much more complex hydrological phenomena, 
as they represent non-Newtonian flows with 
solid fractions ranging between 50 and 90% 
(corresponding to densities of 1,300–2,200 kg/ 
m3; Takahashi, 1981; Iverson, 2014; Trujillo-
Vela et al., 2022). At these sediment concentra-
tions, critical yield strength is generated, so that 
large particles can be suspended indefinitely in 
the moving flow (Pierson, 2005). Accordingly, 
the whole mass will undergo very consider-
able and approximately continuous deformation, 
because there is little difference between the 
velocity of the two phases (water and sediment) 
(McCoy et al., 2010). Moreover, the flow is gov-
erned by drag, weights, particle–particle colli-
sions and electromechanical cohesive forces (in 
the case of mudflows) (Iverson, 2014). This flow 
complexity, together with the fact that debris 
flows often go unnoticed because they occur in 
mountains where direct measurements are dif-
ficult to perform, makes the retrospective esti-
mation of debris flow magnitudes exceedingly 
difficult and largely reliant on field observations. 

In recent years, the application of physically-
based hydrodynamic models (Iverson & George, 
2014) and the development of new empirical 
equations have improved estimates of debris 
flow magnitudes (Gartner et al., 2014; Gartner 
et al., this volume). The estimation of the debris 
flow magnitude thereby relies on three param-
eters: (i) mobilized volume, which requires 
quantification of the mobilized sediment at 
the initial slope failure, the entrained material 
along the channel, and the deposited sediments 
along the fan; (ii) peak discharge, generally esti-
mated along the channel using either empirical 
or hydraulic models given certain conditions 
at the cross-section such as invariant topog-
raphy (e.g., bedrock) and critical flow condi-
tions; and (iii) inundated area, directly retrieved 
from field inspection and detailed aerial picture 
interpretation. 

This chapter aims at providing an overview 
of existing methods for debris flow dating and 
magnitude estimation, highlighting the most 
recent developments in these fields over the 
past 15 or so years. Due to the wide variety of 

8 Debris Flow Dating and Magnitude Reconstruction

requirements of each study, as different tech-
niques offer varying spatio-temporal coverage 
and precision. For instance, radiometric-based 
techniques such as radiocarbon (14C), Cosmic 
Ray Exposure (CRE), Optically Stimulated 
Luminescence (OSL), and Thermoluminescence 
(TL) are employed to date debris flow depos-
its (Dühnforth et al., 2007, 2017; D’Arcy et al., 
2015; Schürch et al., 2016). Dendrochronology 
is also used to determine the absolute date, by 
identifying the growth response of trees to geo-
morphic changes caused by debris flows (Jakob, 
2010; Stoffel et al., 2016). Radiometric tech-
niques allow absolute dating over thousands 
of years, although with decadal or interannual 
precision. By contrast, dendrochronological 
approaches only cover the past few centuries, 
but yield data with high temporal precision 
(annual to seasonal resolution). Lichenometry is 
typically used to date the absolute (where date 
control is available) and/or relative age of lichen 
colonies on mobilized debris and boulders 
(Tanarro García et al., 2022; Bernhardt et al., 
2017; Evans et al., 1999). In recent decades, the 
increase in the number and quality of satellite 
sensors have also allowed analysis and record-
ing of debris-flow activity in remote moun-
tain regions with a dating accuracy of often 
up to a few days (Muñoz-Torrero et al., 2021). 
Historical archives (i.e. description, old pictures 
and maps i.e. Google Earth imagery) can also 
provide quantitative and qualitative informa-
tion on the occurrence and impact of past debris 
flows, although they are generally limited to 
torrents near human settlements or along major 
infrastructure corridors (Bernhardt et al., 2017). 
On the other hand, relative dating methods, such 
as the analyses of rock weathering processes 
(i.e. Schmidt Hammer), or soil development 
(Matthews et al., 2020), could be used to supple-
ment absolute dating approaches. 

Estimation of the magnitude of debris flows 
is required to derive FM relationships. In anal-
ogy to paleohydraulic techniques, where geo-
logical, historical, and botanical records are 
interpreted to quantify past floods, debris flow 
magnitudes can be approximated using data 
retrieved from the above-mentioned records 
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approaches presented in this chapter, we focus 
on describing the fundamentals and provide 
a limited suite of application examples. For a 
deeper understanding of the technical expla-
nation of the dating approaches, the reader is 
directed to the specific studies on each tech-
nique, many of which are cited herein. 

8.2	� Identifying Debris Flow 
Occurrence 

Field recognition and geomorphic surveys of tor-
rential catchments are the first and most impor-
tant procedures in identifying suitable evidence 
of debris flow activity (Brenna et al., 2020; 
Jakob et al., 2022). An initial assessment should 
be performed to distinguish between different 
hydrological processes (i.e. debris flows, hyper-
concentrated flows and clear-water floods) that 
may coexist in the same catchment, either using 
desktop methods (i.e. aerial pictures; morpho-
metric analyses) (Bertrand et al., 2013; de Haas 
et al., this volume) or in-field recognitions (Jakob 
et al., 2020). Debris flow evidence is generally 
expressed as changes in landforms due to surficial 
erosion and sedimentation processes (Iverson, 
2012; Iverson & Ouyang, 2015), which often pro-
duce changes in vegetation pattern (Hoch et al., 
2021; Rengers et al., 2016; Fig. 8.1). At the catch-
ment scale, typical characteristics that are indica-
tive of the occurrence of debris flow are:

(i)	 Hillslope: Steep slopes are typically the 
primary source of mobilized sediments 
during extreme rainfall events, or tempera-
ture increases in case of cryosphere-related 
landforms. Landslides, erosive landforms 
and geomorphic changes (i.e. rockglacier) 
can be traced using historical maps, aerial 
pictures and recent satellite-based products. 
These data provide insight into the initial 
volume of sediments delivered to the chan-
nel, which will ultimately depend on the 
slope-channel connectivity (Steger et al., 
2022; Lancaster and Casebeer, 2007). 

(ii)	 Channel: Mobilized sediments are typi-
cally conveyed along steep channels. Flow 

energy erodes banks and the channel bed, 
contributing to the entrainment of sediment, 
which may leave erosion lines on preexist-
ing levees or channel banks that can serve 
as paleostage indicators (PSI) (Bodoque 
et al., 2011). When the valley becomes 
locally wider, intense debris flow events 
may overflow the channel banks, resulting 
in sedimentary landforms such as lobes or 
chutes. Mapping these landforms can be 
used to determine the maximum extent of 
the affected areas, but also to identify weak 
cross-sections in topography where further 
avulsion processes could evolve (de Haas 
et al., 2018a, b). In the channel, bed mate-
rial analysis usually yields quantitative data 
about the sediment transport capacity of 
streams (Nagl et al., 2020). 

(iii)	 Fans or debris-flow cones: Depositions 
of transported sediments form debris flow 
fans at the mouths of torrents (Fig. 8.1) 
where flow energy is significantly reduced. 
Fans are semi-conical landforms with a 
relatively low surface slope, although it 
depends on the bulk rheology of sediments 
involved (de Haas et al., 2015, 2016). At 
the fan level, the primary geomorphic fea-
tures are related to poorly-sorted mixtures 
of sediment ranging in size from microns to 
meters (Calhoun & Clague, 2018) and land-
forms such as levees, lobes or snouts (de 
Haas et al., this volume). Fans are usually 
cut by the active main channel, although 
abandoned scoured tracks or paleochan-
nels, sometimes partially filled, are also fre-
quently recognized. Eventually, in the case 
of debris flow channels ending in a lake or 
sea, the application of radar techniques may 
be needed to identify geomorphic features. 

8.3	� Debris Flow Dating 
Techniques 

Once debris flow processes have been prop-
erly characterized (i.e. Calhoun & Clague, 
2018), events can be dated. Debris flow dating 
can involve both relative and absolute methods. 
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Fig. 8.1   Characteristic debris flow catchment located in 
the northern Kyrgyz mountain range (Aksay River catch-
ment). Left: oblique view of the hillslope characterized 

by the presence of glaciers and lakes. Right: channel and 
debris flow fan at the bottom valley where paleo chan-
nels are easily distinguished. Courtesy: Vitali Zaginaev

8 Debris Flow Dating and Magnitude Reconstruction

Relative dating methods allow for the determi-
nation of whether a specific sediment deposit or 
erosive feature is older or younger than another 
one. It provides a qualitative sequence of ages 
(i.e. the order in which events occurred), but 
without defining specific dates. This approach 
can be used to understand the evolution and 
dynamics of debris flow cones (de Haas et al., 
2018a, b; Dühnforth et al., 2007), but it cannot 
be used to determine the frequency-magnitude 
relationship required for quantitative hazard 
or risk assessments (Schürch et al., 2016). On 
the other hand, absolute dating methods refer 
to techniques that may—ideally—provide the 
calendar ages of the analyzed events. Absolute 
dating allows relating the occurrence of debris 
flows with temporally-dependent processes (i.e. 
climate and environmental factors) (Ballesteros-
Cánovas & Stoffel, 2017), as well as quantifica-
tion of the return period of events by defining 
the frequency-magnitude relationship (Helsen 
et al., 2002; Stoffel, 2010). The application 
of one approach or another is highly depend-
ent on the objective of the study and the nature 
of evidence available in the field. Relative dat-
ing techniques may be employed in conjunction 
with absolute dating methods where appropriate, 
but their utility depends on the objective of the 
study. 

8.3.1	� Remote Sensing Approach 

Remote sensing approaches may include aerial 
photo interpretation and the advanced analyses 
of satellite imagery products, and are commonly 
conducted initially as desktop-based studies. 
These approaches have gained great popularity, 
especially in remote mountain areas. Analyses 
of aerial photographs have traditionally been an 
indispensable tool for the determination of areas 
that have been affected by debris flows. The 
earliest aerial pictures date back to the 1930s, 
although only few countries can rely on a con-
tinuous record over the past 90 years. The spa-
tial resolution of the first aerial pictures barely 
allowed for an identification of larger geomor-
phic features coupled with debris flows. Jakob 
et al. (2022) underlined that having an error 
lower than 5–10 cm in the GIS delineation of 
geomorphic features may require a picture scale 
of 1:40,000 or larger. Later improvements of 
optical sensors in drones, airborne vehicles or 
satellites and the use of platform analyses such 
as Google Earth Engine have exploited the pos-
sibilities of such records (Ghamisi et al., 2019). 
Thus, multi-temporal digital aerial imagery has 
become a cost-effective approach to determine 
the source of sediments involved in debris flows 
and landslides and to delineate their runout 
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Fig. 8.2   Example of multi-temporal digital aerial imagery 
analyses (automatic tool) to determine the occurrence of 
landslides in the source area of catchments that results in 

debris flows downvalley (Muñoz-Torrero et al., 2021). 
Squares indicate cloud-free pixels on which the automatic 
tool identified vegetation changes related to landslides 

(Imaizumi et al., 2019; Muñoz-Torrero et al., 
2021, Fig. 8.2). However, the time span between 
available imagery can become an issue in for-
ested regions because rapid regrowth of veg-
etation can mask evidence. In coniferous forest, 
bracketing event ages is facilitated by identify-
ing deciduous pioneer vegetation with lighter 
coloration during the growth season or lack of 
foliage during the dormant season. Usage of 
drones has increased exponentially, especially 
to obtain imagery of affected areas during post-
event field recognitions (Adams et al., 2016; de 
Haas et al., 2020, 2022). Still, the ad hoc charac-
ter of the use of drone imagery hinders a chron-
ological comparison unless systematic flights 
are conducted in the area of interest (Bremer & 
Sass, 2012; de Haas et al., 2022). 

The large array of satellite imagery products 
(for simplicity, here also considered airborne-
based products) also enables temporal com-
parison, as they are systematically delivering 
imagery throughout their operational lifetime. 
Satellite imagery sensors allow the acquisi-
tion of multispectral and hyperspectral imagery 
with different spatial and temporal resolu-
tion (Woodget et al., 2015; Cao et al., 2021). 
The application of advanced analyses based on 

optical imagery (e.g., Landsat, Sentinel, Planet 
Labs), synthetic aperture radar (SAR) data or 
LiDAR datasets (Bull et al., 2010; Frodella 
et al., 2017) has improved the quantification of 
geomorphic changes at the hillslope and fan lev-
els by identifying topography, vegetation cover, 
color or textural changes in materials (D’Arcy 
et al., 2018; Zhang & Matsushima, 2018). The 
combination of different imagery products and 
new automatic recognition processes based on 
machine learning has been successful in cover-
ing larger regions (Lary et al., 2016), particu-
larly in detecting sediments sources and creating 
susceptibility maps (Mwaniki et al., 2017). The 
capacity to redirect satellites to specific regions 
is also a promising research avenue for real time 
debris-flow disaster management and forensic 
analyses. 

8.3.2	� Radiometric Dating 
Techniques 

Radiometric dating techniques are employed 
to date different debris-flow deposits, gener-
ally recognized by trenches excavated into 
fan deposits (Fig. 8.3). This absolute dating 
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Fig. 8.3   Example of debris-flood stratigraphy and units from a cutbank at Cougar Creek Creek and Three Sisters 
Creek, Canmore, Alberta (from Church & Jakob, 2020, with permission) 

8 Debris Flow Dating and Magnitude Reconstruction

technique relies on the rate of radioactive iso-
tope decay. By comparing the presence of a 
radioactive isotope in a sample to its abundance 
on Earth, one can estimate the elapsed time in 
absolute terms, as the decay rate is intrinsic to 
each isotope. Since radioactive components nor-
mally have a slow decay rate, this dating method 
can be used to date organic material or rocks 
embedded in debris-flow deposits or in paleosols 
underlying or overlying debris-flow sediments 
on a scale ranging from decades to many millen-
nia. This timeframe and accuracy depend on the 
radioactive isotope being analyzed and if accel-
erator mass spectrometer (AMS) techniques are 
being used. 

Although radiometric dating has been used 
to determine the timing of exposure of sedi-
ment sources in some cases, it is more com-
monly used to date sediments on fans or in 
lakes (Kiefer et al., 2021). It means that sedi-
ment records must be carefully recognized and 
interpreted. Sediment characteristics are highly 
dependent on process type, but are generally 
composed of a heterogeneous mixture of poorly 
graded sediment, including gravels, cobble, or 
boulders (Iverson et al., 2010; Jeong, 2010). 
Debris flows can also include coarse-grained 
sand or silt and clay (mudflows) or volcanic 
material (lahars). During field inspection, the 
debris-flow fan should be trenched or excavated 

where land ownership allows and the surface has 
not been artificially altered. In the excavations, 
the different units related to different events 
are differentiated by the texture, color, struc-
ture, and lithology of the sediments (Fig. 8.3). 
Generally, the limits between two events are 
characterized by the presence of buried soil, or 
break points between inversely graded soil units. 
Differentiating events in the sedimentary record 
may be challenging, as sediment processes 
may involve the act of local erosive processes 
(Iverson et al., 1997). Thus, unless the trench 
covers the complete cross-fan section, this 
approach tends to miss debris-flow events, and 
therefore may underestimate the return period. 

Radiocarbon dating: this is the most preva-
lent method (i.e. Macklin et al., 1992; Johnstone 
et al., 2006; Lancaster and Casebeer, 2007), 
and is based on analyses of the radioactive 14C 
isotope contained in organic samples (i.e. veg-
etation remains, charcoal or organics) that can 
be found among the various overlaying debris 
flow deposits. Typically, the temporal cover-
age of the radiocarbon method expands up to 
50,000 years before present (BP). Radiocarbon 
dating requires the calibration of obtained ages 
with precise curves because of secular variations 
in radiocarbon production in the atmosphere 
(Benito et al., 2022). Thus, getting precisely 
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calibrated ages over the last 300 years is chal-
lenging. Moreover, nuclear weapon testing in 
the 1950s and 1960s doubled the levels of arti-
ficial 14C in the atmosphere, inducing a sharp 
peak in 1963 known as the “bomb curve”. The 
artificial delivery of 14C during this period can 
be used as age control for younger deposits 
(Chiverrell & Jakob, 2013). 14C dating requires 
multiple samples that need to be collected 
and stored properly, preferably under dry and 
dark conditions. Generally, just a few grams of 
organic matter are needed when a conventional 
method is applied to measure the 14C decay 
rate. Smaller samples are allowed, if an accel-
erator mass spectrometry (AMS) method is used 
(Reimer et al., 2013). These limitations should 
be considered to define the sampling strategy. 
Care needs to be taken in interpreting the bound-
ing ages from paleosols vs. the actual dates of 
organics found within debris-flow units. Also, 
the age of wood found within a debris-flow unit 
does not necessarily indicate the age of the unit 
itself. For example, should the piece of wood be 
the inner ring of a 200-year old ring, the debris-
flow date may be the radiocarbon date minus the 
200-years of the tree age. 

Luminescence dating: The luminescence 
approach relies on the accumulation of elec-
trons in crystalline minerals, usually quartz and 
feldspar, due to their ionizing radiation from 
cosmic radiation and radioactive isotopes con-
tained in sediments (Lian & Roberts, 2006). 
Radiation induced by electrons can be meas-
ured and depends on sediment burial dura-
tion (Lian & Roberts, 2006). Electrons can be 
stimulated by heat (Thermoluminescence, TL), 
optical (Optically Stimulated Luminescence, 
OSL) or even infrared light (Infrared Stimulated 
Luminescence, IRSL). OSL is the most common 
technique, normally applied to sediments con-
taining quartz minerals. Similar to flood sedi-
ments (Benito et al., 2022), OSL becomes an 
important dating technique in cases where debris 
flow deposits lack organic material, or are older 
than 40,000 years or younger than 200 years 
(out of the suitable range of 14C) (i.e. Fuchs & 
Owen, 2008; Zhao et al., 2015; Muñoz‐Salinas 

et al., 2020). To assure the reliability of dating, 
sample collection and processing must comply 
to stringent protocols (Liritzis et al., 2013). 

Other radiometric techniques include the 
Caesium-137 (137Cs) isotope, which is used 
to determine the age of sediments over the last 
century and date debris flow events (i.e. Irmler 
et al., 2006). The isotope 137Cs has an anthropo-
genic origin derived from the nuclear weapon 
testing that started in the 1950s to produces two 
characteristic peaks: an initial signal in 1954 
and a maximum in 1963 (Détriché et al., 2010). 
These signals are used to calibrate sediment age. 
By contrast, analyses of Berilium-10 (10Be), 
an isotope produced on Earth by the interaction 
of energetic cosmic rays, allow dating of the 
exposure of ancient rock surfaces (above 1ka 
years). This technique is typically used to date 
paleodeposits and to explain landscape heritages 
or ancient events (i.e. Dühnforth et al., 2007; 
Patton et al., 2018). 

8.3.3	� Biological Dating Techniques 

Biological dating techniques rely on information 
gathered from living organisms such as plants 
or lichens. This approach is based on the auto-
trophic conditions forcing organisms to get the 
energy they need to survive directly from their 
living environments Thus, these organisms are 
silent witnesses of environmental and geomor-
phic changes (Ballesteros-Cánovas & Stoffel, 
2017; Stoffel & Corona, 2014) and adjust their 
growth conditions accordingly. Analyses of the 
annual growth rates of these organisms allow an 
absolute dating of landforms created by debris 
flows. 

Tree-ring records: Dendrochronology is the 
science of dating growth patterns in trees and 
shrubs species living in zones where rings are 
formed annually. Dendrochronology has been 
applied to a large array of disciplines, includ-
ing archaeology, climatology or ecology (Cook 
and Kairiukstis, 2013). Tree rings have also 
been utilized to retrospectively date the activity 
of geomorphic processes such as debris flows 
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Fig. 8.4   Examples of botanical evidence (i.e. scars on 
trees) affected by debris flows. a cross-section sample 
of a dead tree scarred by past debris flow, showing how 
the tree tried to close the wound. b Sampling procedure 
of a living scarred tree using an increment borer. c Core 
sample extracted from the edge of a wound, where it is 

recognized the growth disturbance related to debris flow 
processes (assumed it produced the scar on the tree) in 
the tree ring records. d) anatomical signatures in the tree-
ring record in the form of chaotic callus tissues and tan-
gential rows of traumatic resin ducts (anatomical pictures 
are from Bollschweiler et al., 2008) 
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(i.e. dendrogeomorphology). The interaction 
between the material transported in a debris 
flow events and the existing vegetation, mostly 
on fans or along channels, will leave different 
types of dendrogeomorphic evidence in trees 
(e.g. damage on tree stems, buried or tilted 
stems or exposed roots) (Ballesteros-Cánovas 
et al., 2015; Bollschweiler & Stoffel, 2010). 
These mechanical disturbances can be identified 
in tree-ring records, allowing the dating of past 
debris flow events with annual or even seasonal 
precision. Dendrogeomorphic evidence induced 
by debris flows include: (i) Stem wounds (or 
scars): Scars are the most common evidence 
of debris flow activity caused by the impact of 
boulders on tree stems (Fig. 8.4a and b). When 
such damages occur, trees react upon this dis-
turbance by compartmentalizing the wounded 
surface to avoid pathogen infections (Fig. 8.4c). 
As a result, trees generate characteristic cells 
including chaotic callus tissues and smaller 
cells that are easily recognizable in the tree-
ring record (Fig. 8.4d) as well as—in the case 
of some conifers—tangential rows of traumatic 
resin ducts (TRD); (ii) Tilted trees: as a result of 
the sudden and unidirectional pressure exerted 
on tree stems by debris flow material, trees can 
lean towards the channel or in the flow direc-
tion after debris flow impact. Trees that are tilted 
will form reaction wood to regain the vertical 

axis, and this reaction is characterized in the 
growth-ring record by changes in the eccentric 
of growth rings as well as wood properties (i. e. 
colour); (iii) Buried trees: sediment deposited 
around trees by a debris flow will prevent water 
and/or nutrient supply to reach the roots, hence 
decreasing growth rates. In some cases, trees 
(especially younger individuals) may lose their 
crown or branches, which will result in a sudden 
growth suppression as well; (iv) Exposed roots: 
erosive processes along the channel or levees 
can expose roots, and the latter will react to 
denudation with conspicuous wood anatomical 
changes; (v) Surviving trees and new coloniza-
tion: debris flows can uproot and remove trees in 
heavily affected areas. Survivor trees will benefit 
from less competition, more light, nutrients and 
water availability, thus experiencing an increase 
in their growth rates. Moreover, new plants often 
germinate on bare surfaces providing evidence 
of the minimum age of landforms. 

Dendrogeomorphic dating involves the fol-
lowing methodological steps: (i) recognition and 
record of botanical evidence, generally at the 
level of fans and/or in and along channels, (ii) 
sampling of trees using increment bores (eventu-
ally hand or machine saws); (iii) preparation of 
samples in the laboratory; (iv) measurement of 
tree-ring widths and its synchronization for cross-
dating purposes; (v) identification of growth 
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Fig. 8.5   Different generations of lichens growing on 
a debris flow deposit containing material from differ-
ent events. Note that the combination of the dating of 

disturbance in trees and the assessment of lichen thalli 
can improve the interpretation of deposits. Photo: Juan 
A. Ballesteros, Aksay cone, Kyrgyzstan 

anomalies associated to each type of dendrogeo-
morphic evidence. If the ultimate objective is to 
estimate debris flow magnitude, one must care-
fully record tree positions aiming to determine 
the areas that have been affected by each event 
as well as the height of scars in order to estimate 
flow discharge with numerical models or empiri-
cal equations (Ballesteros-Cánovas et al., 2015). 

Lichenometry: Lichenometry is a biological 
dating technique using growth rates of lichens 
to assess the age of exposed rocks (Armstrong, 
2016). It assumes that the age of older lichens 
growing on boulder surfaces can be used to 
determine the exposure time of that rock. 
Typically, lichenometry has been applied to 
estimate the minimum age of monuments, but 
it has also been used to establish absolute dat-
ing of geomorphic landforms such as debris 
flows (Alcalá-Reygosa et al., 2018; Armstrong, 
2016; Bernhardt et al., 2017; Helsen et al., 2002; 
Fig. 8.5). The initial assumption of lichenometry 
is that growth of lichens depends on the species 
being characterized and environmental factors 

(Innes, 1985). The age of lichens is then com-
pared with reference age-growth curves, specific 
to each species and site. These curves are based 
on the ages of individual lichens growing on a 
given object that is known to be of a certain age 
(normally anthropogenic surfaces such as monu-
ments, buildings or cemetery headstones). The 
approach is especially useful for the analysis of 
debris flow deposits in the absence of trees (or 
of older trees) with a temporal coverage of up 
to 1,500 years depending on the lichen species 
(Rosenwinkel et al., 2015). 

Rhizocarpon sp. is the most trustworthy (and 
commonly used) lichen species since it is adapt-
able to a variety of environments. It can survive 
under severe climatic conditions and is easily 
recognizable. The main steps in lichenometric 
assessments include: (i) measuring lichens with 
a millimetric feeler or by photographing them 
both on boulders to be analyzed and on anthro-
pogenic surfaces for establishing the lichens 
reference chronology; (ii) applying statistical 
procedures to determine size distribution (i.e. 
using generalized extreme value GEV); (iii) 
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building the reference chronology (growth-age 
curves) using known ages, and (iv) determin-
ing absolute ages of ensured lichens using the 
established reference chronology. Lichenometry 
has been successfully applied for the dating of 
debris flow deposits in a number of environ-
ments (André, 1990; Bernhardt et al., 2017; 
Helsen et al., 2002; Jomelli, 2013). Nonetheless, 
the approach remains highly sensitive to 
changes in environmental conditions (e.g. wild-
fires) or pollution, which can induce significant 
uncertainty into dating procedure (Rosenwinkel 
et al., 2015). 

8.3.4	� Historical Records 

The historical record refers to a set of documen-
tary archives (manuscripts, newspaper librar-
ies, ecclesiastical documents, administrative 
records, letters of varying natures), oral records 
(testimonials of people and direct observation 
from land-use planners/managers), audio-visual 
records (old photographs and maps or modern 
social media posts) and epigraphic marks (phys-
ical signs left by past events) associated to unre-
corded past debris flow events that eventually 
impacted infrastructures or inhabitants (Marchi 
& Cavalli, 2007). Overall, these records are con-
strained to the past few decades and only exist 
for a few torrents, which are often located close 
to urban areas. The historical record can provide 
quantitative and qualitative data, with a high 
space–time resolution. Quantitative data can 
include the volume mobilized, a rough estima-
tion of peak discharges or even areas affected. 
Qualitative data includes descriptions of the 
impact and the relative magnitude (e.g. this 
event is the largest ever seen by locals). 

This approach is based on hermeneutic 
research, which requires a critical analysis of 
data sources and their analysis in the histori-
cal context (Marchi and Rosella-Tecca, 2006). 
Archival data is beneficial to understand debris 
flow occurrence at regional and catchment 
scales. Regional analyses can provide a broad 
perspective and helps to identify morphometric 
parameters of susceptible basins, while analyses 

at the catchment level is relevant for hazard 
assessment and to understand the relationship 
between specific events and sediment supply 
processes (Brenna et al., 2020). Other examples 
have shown how historical debris flow data-
bases can be used to decipher climatic triggers 
(i.e. rainfall thresholds and temperature; Pavlova 
et al., 2014; Schlögl et al., 2021; Witt, 2005). 

There are a number of considerations that 
must be taken into account when using histori-
cal records of past debris flows, notwithstand-
ing their great value (Marchi and Rosella-Tecca, 
2006). The sustained growth of elements-at-
risk (e.g. road infrastructures, paths, houses, 
etc.) could affect the homogeneity of historical 
records, because events that did not cause dam-
age in the past will tend to occur unnoticed. The 
availability of data sources has the same impact 
on historical database quality. Moreover, it may 
be challenging to differentiate between event 
types based just on historical records. On the 
other hand, the homogeneity of records may be 
affected by different sediment-supply conditions 
within or between catchments. Thus, debris 
flows in catchments with an unlimited debris 
supply are deemed normal processes, and only 
extreme events are recorded. By contrast, events 
that occur in catchments with limited debris 
supply are seen as unusual, regardless of their 
magnitude, and will therefore more often be 
recorded. 

8.4	� Debris Flow Magnitude 
Estimates 

Knowing the magnitude of debris-flows is essen-
tial for any rational hazard and risk assessment 
(Ballesteros-Cánovas et al., 2016; Jakob, 2021). 
Debris flow magnitude relates to quantitative or 
qualitative data regarding the volume of sedi-
ments mobilized (m3), peak discharge (m3/s) 
or inundated area (m2) (Jakob & Hungr, 2005). 
These parameters can be estimated directly by 
applying physical-based equations and resolv-
ing hydrodynamic models with step-backwa-
ter schemes (Jakob, 2021), or indirectly, by 
means of established empirical relationships 



230 J. A. Ballesteros-Cánovas et al.

(Rickenmann, 1999). Selection of one approach 
over another is highly influenced by the primary 
objective of the analyses, as well as data avail-
ability and terrain inaccessibility. 

8.4.1	� Estimating Debris Flow 
Volume 

Debris flow volume is defined as the amount of 
material transported from headwaters to fans 
by debris flows. During debris flow events, the 
transported material (water and sediments) 
can range in volume from a few cubic meters 
to several million cubic meters. Quantifying 
these values is essential to physically dimen-
sion hydraulic structures aimed at retaining 
sediment (e.g., check dams, retention basins). 
In the few torrents where measurement sta-
tions are in operation volume may be directly 
measured, typically by integrating discharge 
over time (Schimmel et al., 2022; Schlunegger 
et al., 2009), but typically volume can only be 
reconstructed from past deposits. Estimation 
of debris flow volume depends on three pro-
cesses: (i) initiation volumes related to failure(s) 
(Vi) at hillslopes (i.e. landsliding); (ii) volumes 
entrained along channel(s) (Ve) from the chan-
nel floor and banks; and (iii) volumes of sedi-
ment deposited (Vd) along the channel and fan 
(i.e. levees, chutes, lobes, avulsions phenom-
ena) (Jakob, 2005). Mathematically, it can be 
expressed as (Eq. 8.1): 

where Vt is the total volume reaching the apex 
of the fan. In complex medium-to-large catch-
ments, it may be quite challenging to estimate 
these values in detail, whereas in small, acces-
sible catchments, it may be feasible. The volume 
entrained and deposited along the fan should be 
considered into this equation if the assessment 
is done downstream of the fan. Moreover, this 
volume estimate only provides an idea of a vol-
ume should the debris flow occur in the present 
time. Recharge over time needs to be considered 
(Jakob, 2005), especially in supply-limited 

(8.1)Vt =
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Ve −

 
Vd 

catchments, as well as the possibility of multiple 
point source failures that are particularly preva-
lent during earthquakes or extreme rainstorms. 

8.4.2	� Initiation Volumes 
at Hillslopes 

As a result of various geomorphic processes, 
such as landslides, rock avalanches, rock glacier 
advances, wet snow avalanches, or the outburst 
of artificial or natural dammed-lakes, large sedi-
ment volumes can be mobilized at the hillslope 
and incorporated into the channel (Pastorello 
et al., 2020). However, the volume of sediments 
reaching the channel will depend on the connec-
tivity between the slope processes and the chan-
nel (Tarolli and Della Fontana, 2009; Germain 
et al., 2020; Torresani et al., 2021), as this is an 
important catchment attribute driving debris flow 
activity. Remote sensing approaches are highly 
valuable for predicting which geomorphic pro-
cesses are involved at sediment sources, as well 
as for quantifying the initially mobilized volume. 

If scars on hillslopes are not hidden by a 
dense tree canopy, geomorphic changes related 
to landsliding or other processes can be traced 
spatially using available chronosequence 
archives of old and more recent aerial photos 
(Muñoz-Torrero et al., 2021; 2022). Regarding 
the above, optical sensors used on aerial pic-
tures cannot provide relevant information, thus 
making the use of LiDAR sensors essential 
(Blasone et al., 2014; Bremer & Sass, 2012; 
Dietrich & Krautblatter, 2019). Recently, the 
use of Interferometric Synthetic Aperture Radar 
(inSAR) sensors has opened the possibility for 
large-scale studies of slope deformation under 
forested terrains, especially using longer-wave-
length (L/P-band) sensors (Cao et al., 2021; 
Frodella et al., 2017). When using topographic 
data retrieved by photogrammetry, LiDAR or 
inSAR sensors, the volume can be determined 
by subtracting DEM values (Difference of 
DEMs or DoD). Still, these estimates may need 
to be checked in the field and depth of slope 
failures measured at regular time intervals to be 
sure they are correct.
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8.4.3	� Entrainment of Sediment 
Along Channels 

The entrainment of sediment by debris flows can 
radically change channel morphology, thereby 
increasing flow volume by orders of magnitude 
(Iverson et al., 2011). There are two major pro-
cesses that can lead to the material of entrain-
ment along channels, namely: (i) channel bed 
erosion as a result of drag forces; and (ii) under-
cutting and instability of stream banks (gener-
ally as a consequence of bed erosion) (Iverson 
et al., 2011). The yield rate approach is the 
most straightforward way to calculate channel 
entrainment (Ve), which assumes a homogene-
ous erosion depth (Di, in m) along a given path 
width (Bi, in m) and channel reach (Li, in m). It 
can be mathematically expressed as (Eq. 8.2): 

where i is the number of reaches into which the 
stream has been discretized. 

This approach, however, can produce signifi-
cant inaccuracies depending on the complexity 
of the channel, the number of channel reaches 
and the nature of the substrate (especially in 
erodible-base channels). It also requires detailed 
field observations along the channel(s), which 
are not always easy to obtain. In addition, the 
approach assumes invariant rheology and dis-
regards the potential of material remobilization 
during debris flows. In recent years, the assess-
ment of channel entrainment has been facilitated 
by photogrammetric and structure from motion 
(SfM) techniques (de Haas et al., 2020, 2022; 
Ellett et al., 2019), the versatility of drones, 
and the use of high-resolution topographic 
techniques such as laser scanning (Schürch 
et al., 2011), as well as the use of proxies such 
as timing of root exposure to reconstruct chan-
nel topography and to determine the widening 
and erosion retreat (Malik and Matzja, 2008; 
Ballesteros-Cánovas et al., 2017; Franco-Ramos 
et al., 2022). 

(8.2)Ve = 

n 

i=1 

DixBixLi, 

8.4.4	� Estimation of Deposited 
Volumes 

Estimating the volume of deposited sediment can 
be addressed based on (i) a detailed mapping of 
the surficial deposits—either based on field recog-
nition (Stoffel, 2010) or remote sensing techniques 
(de Haas & Densmore, 2019; Imaizumi et al., 
2016b); and (ii) quantification of deposit depths. 
Once fans have been mapped, deposit depths can 
be estimated by developing pits tests and trenches. 
This approach is necessary when studying past 
debris flows, but it is time-consuming and labor-
intensive, as it requires an observation period that 
is long enough to determine an absolute date. In 
forested areas, the number of observations could 
be increased by using buried trees that can record 
the time of a given debris flow and sediment 
depth (Friedman et al., 2005). However, for recent 
events the most accurate approach for estimating 
the volume of deposits is to conduct regular topo-
graphic surveys (Lato, 2020). 

8.4.5	� Estimating Peak Discharge 

Peak discharge along channels can be deter-
mined at a given cross-section by solving the 
discharge equation (Eq. 8.3): 

,where v is the frontal flow velocity and A the 
affected cross-sectional area. In addition, numer-
ical-based models along the entire channel sys-
tem or empirical relationships can be employed 
(see Sects. 3.4 and 3.5, respectively). Estimation 
of the cross-sectional area depends directly 
on the evidence left by past debris flows from 
which the affected area can be estimated, while 
the velocity needs to be indirectly estimated by 
recommended equations. 

Estimating the affected cross-sectional area. 
Applying the discharge equation requires 
approximate stability of the channel’s cross-
section geometry. If this requirement can be 

(8.3)Q = vxA 

http://dx.doi.org/10.1007/978-3-031-48691-3_3
http://dx.doi.org/10.1007/978-3-031-48691-3_3
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Table 8.1   List of equations to determine debris flow velocity. Other equations based on flow depth are listed in 
Rickenmann (1999) 

Equations Type Author 

v = (grccosθ tanα)
0.5 Superelevation Chow (1959) 

v = 
2

 
rcg 

k
∆h 
B 

Superelevation Hungr et al. (1984) 

v =
 
rc ∆h(gcos∅)

0.4 

4.4Bhm0.6

 1.19 Superelevation Scheidl et al., (2015) 

v = (2g∆h)0.5 Runup (∆h= runup against an obstacle) Chow (1959) 

v = 1.21g∆h Runup Wigmosta (1983) 

v = (γ S/Kµ)H2 Runup Hungr et al., (1984) 

H 
ϑ2 /g 

=

 
1+ 

κ 

2 

cos3 θ

Fr2

 2 

1+ 
tan∅ 

tanθ

Runup (momentum-jump model) Iverson et al., (2016) 

H 
hm 

= 1 +
v2 

2ghm 
Runup (point mass model) Rickenmann et al., 

(2019) 

v = 0.6 
L 
k

 
g 

2(Hc+he )
Critical flow in spillways Takahashi et al. (2019)

satisfied, the existence of fresh high watermarks 
(HWM, e.g., erosion lines, fresh-thin deposits or 
mudlines), or paleostage indicators (PSI, such as 
scars on trees) is required (Bodoque et al., 2015; 
Benito et al., 2022). Generally, HWM are une-
quivocal evidence of the maximum flow stage, 
but they are perishable and only physically 
present for a few years at most after an event. 
Erosion lines may persist longer in the field, but 
they are difficult to date. PSIs are evidence of 
the flood stage but not necessarily the maximum 
stage. However, by including multiple observa-
tion locations and multiple scars, this bias can 
be reasonably minimized (<15%) (Ballesteros 
et al., 2011; Gottesfeld, 1996). Scars on trees 
can be retrospectively dated, enabling for the 
reconstruction of past events (Tichavský et al., 
2022; Cato & Goforth, 2021; Rodriguez-Morata 
et al., 2019). Pictures and video-records, if avail-
able, can be employed to reconstruct peak dis-
charge and estimate hydrographs and potentially 
sediment concentrations (Coviello et al., 2021). 

Estimating flow velocity. Back-calculation of 
the flow velocity of debris flows is highly chal-
lenging and depends on indirect equations such 
as flow superelevation, run-up, or channel char-
acteristics. Tables 8.1 and 8.2 show the main 
equations used to estimate debris flow velocity 
along with the required parameters. 

The superelevation equation relies on the 
deformation properties of the free surface of 
a fluid due to the centrifugal force experienced 
in channel bends. It is expressed as the differ-
ence in flow height between the inner (lower) 
and outer (higher) curves and has been applied 
largely in debris flow studies (Iverson et al., 
1994; Prochaska et al., 2008a, 2008b; Wang 
et al., 2021; Scheidl et al., 2019; Fig. 8.6). This 
approach is highly sensitive to the definition 
of channel width and curve radius, which may 
lead to uncertainties in the estimation of flow 
velocities of up to 30% (Iverson et al., 1994). 
The superelevation equation was originally 
developed for Newtonian fluids, and apply-
ing the method to non-Newtonian debris flows 
may result in large under- or overestimations of 
flow velocity (e.g., Costa, 1984; Procter, 2012). 
Therefore, many studies have used a correction 
factor k for debris flows (e.g., Bulmer et al., 
2002; Han et al., 2015; Hungr et al., 1984; 
Scheidl et al., 2019). This correction factor is 
generally expressed as a dimensionless num-
ber that is related to the vertical velocity distri-
bution and corrects for variations in material 
properties, viscosity and vertical sorting in the 
flow (Procter, 2012; Scheidl et al., 2015, 2019). 
Studies indicate that a wide range of possible 
correction factors is possible (Procter, 2012). For 
example, Bulmer et al. (2002) found correction 
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Table 8.2   Overview of debris flow velocity equations primarily based on mean flow depth and channel slope 

Equation Type Author 

v = 
1 

3 
ρgh 

2 S 
µ

Newtonian laminar flow Rickenmann (1999) 

v = 
2 

3 
ξh 

1.5 
S Dilatant grain shearing Takahashi (1991) 

v = 
1 

n 
h 
2/3 

S0.5 Newtonian turbulent flow: Manning– 
Strickler equation 

Mizuyama (1988) 

v = Ch 
0.5 
S0.5 Newtonian turbulent flow: Chézy 

equation 
Rickenmann (1990) 

v = 2.17h 
1.5 
S0.5 Empirical equations Hungr et al. (1984) 

v = 18.5h 
2/3 

S0.5 Yang (1985) 

v = 28.5h 
2/3 

S0.5 Du et al. (1987) 

v = C1h 
0.3 
S0.5 Koch (1998) 

v = δh 
2/3 

S1/5 Lo (2000) 

v = 0.35h 
2 
S + 5.36 Prochaska et al., (2008a, b) 

v = 2.379u∗ S−0.446 Cv 
0.011ln(S)+0.391 Wang et al. (2018)

Fig. 8.6   Example of differences in flow height (∆h) 
between in both banks (right—RB - and left bank - LB) 
after an extreme debris flow event occurred in September 

2022 in Ordesa National Park (Pyrenees, Spain) (Photo: 
Juan A. Ballesteros-Cánovas)
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Fig. 8.7   Example of a critical section in a debris-flow torrent where erosive sigmoidal lines are identified along the 
levees. Arroyo Cabrera, Spain (Bodoque et al., 2011) 

factors ranging from 2 to 10, VanDine (1996) 
found values between 1 and 5, and Hunger et al. 
(1984) found a best-fit value of 2.5.

The run-up equation (also known as the 
velocity head equation) assumes that kinetic 
energy is converted into potential energy when 
debris flows impact obstacles perpendicularly. 
At experimental sites, this method has been 
shown to overestimate flow velocity (Iverson 
et al., 1994). Recently, these concepts have been 
applied to investigate run-up on flows against 
vertical barriers and sloping obstacles, providing 
reliable results if prior knowledge of the flow 
dynamics is available (Iverson et al., 2016). Yet, 
Rickenmann et al. (2019) observed that run-up 
is highly dependent on the flow sediment type 
and volume, suggesting that it is challenging to 
apply a universal equation to varied flow condi-
tions. If a critical-depth approach is employed, 
flow velocity estimation uncertainties could be 
substantially minimized (Bodoque et al., 2011; 
Fig. 8.7). This approach requires evidence 
on cross sections where critical flow occurs 
(Froude number = 1) due to local drops, narrow 
stream constrictions, or check dam spillways 
(Takahashi et al., 2019). 

The velocity equations described above rely 
on superelevation and runup. Therefore, they 
cannot be applied to debris flows in a straight 
channel (Chen et al., 2007). To estimate debris 
flow velocity in straight channels a number 
of studies have developed equations based on 

mean flow depth and channel slope (Table 8.2). 
Detailed overviews of these equations can be 
found in Rickenmann (1999), Prochaska et al. 
(2008b) and Wang et al. (2018). 

8.4.6	� Estimating the Affected Area 

Evaluation of the area affected by debris flows is 
crucial for both hazard mapping and the design 
of countermeasures. At the fan level, avulsion 
phenomena are primarily responsible for the 
spatial and temporal distribution of sediments. 
Recognition of the affected area of debris flows 
can be achieved by combining remote sens-
ing with field inspections and analyzing the 
spatial distribution of affected trees. Imaizumi 
et al. (2016b) used a multi-approach (i.e. chron-
osequence of aerial pictures, high-resolution 
topographic data (Zubrycky et al., 2021), and 
dendrogeomorphic evidence (Schraml et al., 
2013)) to identify the affected area at the fan 
level, and discussed their weaknesses and 
strengths. They found mismatches between 
methods, although their combination improves 
the assessment of areas affected by individual 
events. Higher resolution can be achieved using 
high-resolution topographic data and DEM dif-
ferences (Lato et al., 2019), but care should be 
taken to distinguish geomorphic changes from 
other local phenomena (Imaizumi et al., 2016b). 
Zaginaev et al. (2016) employed the spatial 
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representativeness of affected trees on fans to 
distinguish size-patterns in debris-flow events. 
However, some limitations may arise on a higher 
scale because of the nature of data and the lim-
ited number of point-type data (Bollschweiler 
et al., 2008). Schneuwly et al. (2013) provide 
guidelines for determining the minimum number 
of trees to sample for capturing the spatiotem-
poral representativeness of past debris flows. 
Recently, these approaches have enhanced our 
understanding of the spatiotemporal patterns of 
debris flow fan formation and, in particular, on 
the avulsion formation, revealing that the impact 
(and consequently the affected area) of large 
debris flows could depend on the existence of 
channel plugs shaped by prior smaller debris 
flows (de Haas et al., 2018a, 2018b; see also de 
Haas et al., this volume). 

8.4.7	� Numerical Models 

Different numerical debris flow models have been 
developed to back-estimate flow velocities, where 
the models are resolved iteratively to reproduce 
the different HWMs, PSIs, or the affected area 
(Bodoque et al., 2015). Based on Riemann solv-
ers, finite difference schemes, or finite volume 
schemes, numerical models are derived from 
mathematical formalisms describing flow dynam-
ics with different rheology. Most numerically-
based models are two-dimensional, although 
there are a few three-dimensional hydrodynamic 
models. Two-dimensional models are easier to set 
up and can simulate runout of large-scale debris 
flows reasonably well, although they still provide 
inaccurate predictions of bank erosion and scour 
during debris flow events. Three-dimensional 
models can simulate material flow in complex 
terrain and deliver a more realistic representation 
of debris flows, but they require a larger amount 
of computational resources and frequently can-
not simulate events on a large scale. A detailed 
(and up-to-date) review of debris flow models 
can be found in Trujillo-Vela et al. (2022). Table 
8.3 shows a list of available numerical models 
and for a more comprehensive description, see 
Iverson and George (this volume).

8.4.8	� Empirical Relationships 

Empirical equations can be used to represent 
relationships among flow discharge, flow depth, 
thickness, affected area and deposit volume. 
These equations are simple to use, although they 
may lead to significant errors. Several efforts 
exist to produce more trustworthy regional 
empirical equations, although their applica-
tion is still constrained to the specific climatic, 
geological and geomorphic settings where they 
were defined. Table 8.4 synthetizes the main 
existing empirical relationships between (i) peak 
discharge with debris flow volume; (ii) volume, 
watershed area, channel slope and precipitation; 
and (iii) affected areas. Yet, empirical equations 
can also misjudge large debris flows, as they 
often rely on a limited number of (recent) obser-
vations, which could relegate the occurrence of 
large debris flows to “atypical” cases. Moreover, 
the interdependence of morphometric factors, 
such as stream slope/length and catchment area, 
may hide spurious correlations (Jakob, 2005). 
Nevertheless, empirical relationships can be 
applied to characterize events with an order-
of-magnitude resolution in cases where other 
detailed assessments are lacking or impossible 
to perform at a regional scale. Recently, machine 
learning approaches have improved the ability to 
predict the frequency and magnitude of debris 
flows based on a large dataset analysis, which 
include morphometry characteristics, as well as 
climatic, soil-type and forest parameters (Huang 
et al., 2020), which can then be used to produce 
susceptibility maps (Kadavi et al., 2018).

8.5	� Frequency-Magnitude 
Relationships 

Frequency-magnitude (FM) relationships are the 
most useful tool derived from the reconstruction 
of past debris flow events (see Jakob & Nolde, 
this volume). FM relationships allow estimating 
of the return period (probability of occurrence 
of a debris flow event of a certain magnitude), 
which is required for hazard analyses and the 
design of countermeasures. In Switzerland, for 
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Table 8.3   List of existing debris flow models, their main characteristics and references 

Name Type Availability References 

HEC-RAS Two-dimensional non-Newtonian fluids 
including single-phase 

Non-commercial https://www.hec.usace.army. 
mil/software/hec-ras/download. 
aspx 

EDDA 2.0 Two-dimensional non-Newtonian fluids 
including single-phase 

Non-commercial https://doi.org/10.5281/ 
zenodo.1033377 
Shen et al. (2018) 

Morpho2DH Two-dimensional non-Newtonian fluids 
including single-phase 

Non-commercial https://i-ric.org/en/solvers/mor-
pho2dh 

FLO-2D Two-dimensional non-Newtonian fluids 
including two-phases 

Comercial https://flo-2d.com/ 

MIKE 21 Two-dimensional Newtonian fluids inclu-
ding two-phases 

Comercial https://www.mikepoweredby-
dhi.com/products/mike-21-3 

BASEMENT Two-dimensional Newtonian fluids inclu-
ding two-phases 

Non-commercial https://basement.ethz.ch/ 

FLOW 3D Three-dimensional Newtonian fluids 
including two-phases 

Comercial https://www.flow3d.com/ 

IBER Two-dimensional Newtonian fluids inclu-
ding two-phases 

Non-commercial https://www.iberaula.es/ 

TRENT-2D Two-dimensional non-Newtonian fluids 
including two-phases 

Commercial http://www.weezard.eu/index. 
php 

TITAN-2D Two-dimensional non-Newtonian fluids 
including two-phases 

Non-commercial https://github.com/TITAN2D/ 
titan2d 

Kanako 2D One and two dimensional Newtonian 
fluids including two-phases 

Comercial http://hyper-kanako.com/hyper-
kanakoenglish/ 

OpenLISEM Two-dimensional non-Newtonian fluids 
including two-phases 

Non-commercial https://blog.utwente.nl/lisem/ 

Morpho2DH 

D-Claw Two-dimensional non-Newtonian fluids 
including two-phases 

Non-commercial https://dlgeorge.github.io/ 
project/dclaw-project 

OpenFOAM Three-dimensional non-Newtonian fluids 
including two-phases 

Non-commercial https://develop.openfoam.com/ 
Community/avalanche 

r.avaflow Two-dimensional non-Newtonian fluids 
including one and two-phases 

Non-commercial https://www.landslidemodels. 
org/r.avaflow/ 

RAMMS Two-dimensional non-Newtonian fluids 
including one phase 

Comercial https://www.slf.ch/de/ser-
vices-und-produkte/ramms-ra-
pid-mass-movement-simulation. 
html 

Flow-R Spatially distributed empirical model Non-commercial https://www.flow-r.org/ 
Horton et al. (2013) 

DFLOWZ Based on empirical equations Non-commercial Berti and Simoni (2014) 

REGOLITH Empirical and process-based models Non-commercial https://www.usgs. 
gov/software/rego-
lith-fortran-95-program-estima-
ting-soil-mantle-thickness-digi-
tal-landscape-landslide 

Laharz Statistically based model Non-commercial https://www.usgs.gov/software/ 
laharz

https://www.hec.usace.army.mil/software/hec-ras/download.aspx
https://www.hec.usace.army.mil/software/hec-ras/download.aspx
https://www.hec.usace.army.mil/software/hec-ras/download.aspx
http://dx.doi.org/10.5281/zenodo.1033377
http://dx.doi.org/10.5281/zenodo.1033377
https://i-ric.org/en/solvers/morpho2dh
https://i-ric.org/en/solvers/morpho2dh
https://flo-2d.com/
https://www.mikepoweredbydhi.com/products/mike-21-3
https://www.mikepoweredbydhi.com/products/mike-21-3
https://basement.ethz.ch/
https://www.flow3d.com/
https://www.iberaula.es/
http://www.weezard.eu/index.php
http://www.weezard.eu/index.php
https://github.com/TITAN2D/titan2d
https://github.com/TITAN2D/titan2d
http://hyper-kanako.com/hyperkanakoenglish/
http://hyper-kanako.com/hyperkanakoenglish/
https://blog.utwente.nl/lisem/
https://dlgeorge.github.io/project/dclaw-project
https://dlgeorge.github.io/project/dclaw-project
https://develop.openfoam.com/Community/avalanche
https://develop.openfoam.com/Community/avalanche
https://www.landslidemodels.org/r.avaflow/
https://www.landslidemodels.org/r.avaflow/
https://www.slf.ch/de/services-und-produkte/ramms-rapid-mass-movement-simulation.html
https://www.slf.ch/de/services-und-produkte/ramms-rapid-mass-movement-simulation.html
https://www.slf.ch/de/services-und-produkte/ramms-rapid-mass-movement-simulation.html
https://www.slf.ch/de/services-und-produkte/ramms-rapid-mass-movement-simulation.html
https://www.flow-r.org/
https://www.usgs.gov/software/regolith-fortran-95-program-estimating-soil-mantle-thickness-digital-landscape-landslide
https://www.usgs.gov/software/regolith-fortran-95-program-estimating-soil-mantle-thickness-digital-landscape-landslide
https://www.usgs.gov/software/regolith-fortran-95-program-estimating-soil-mantle-thickness-digital-landscape-landslide
https://www.usgs.gov/software/regolith-fortran-95-program-estimating-soil-mantle-thickness-digital-landscape-landslide
https://www.usgs.gov/software/regolith-fortran-95-program-estimating-soil-mantle-thickness-digital-landscape-landslide
https://www.usgs.gov/software/laharz
https://www.usgs.gov/software/laharz
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Table 8.4   List of empirical relationships: (i) Eqs. 1–9, peak discharge (Qdp = m3/s) versus volume (V = m3); (ii) 
Eqs. 10–14, debris flow volume (V = m3) versus watershed area (S = km2), effective runoff volume (Vref = m3), chan-
nel slope (I = %) and total rainfall (VR = m3); and (iii) Eqs. 15–19, empirical–statistical methods relating valley cross-
sectional area (A), planimetric area (B) and runout (L) inundated by lahars from lahar volume (V). (*) These relations 
present a large scatter. Readers are directed to the original work (Ma et al., 2013) to limit the upper and lower bounds 
of estimations 

Equation Type References 

Peak discharge (m3/s) Qdp = 0.135V0.78 Bouldery debris flow Mizuyama et al. (1992) 

Qdp = 0.019V0.79 Muddy debris flow Mizuyama et al. (1992) 

Qdp = 0.006V 0.83 Volcanic debris flow Jitousono et al. (1996) 

Qdp = 0.04V0.90 Bouldery debris flow Bovis and Jakob (1999) 

Qdp = 0.003V1.01 Volcanic debris flow Bovis and Jakob (1999) 

Qdp = 0.1V0.83 Bouldery debris flow Rickenmann (1999) 

Qdp = 0.00014V Muddy debris flow—high 
sediment concentration 

Chen and Chuang 
(2014) 

Qdp = cV5/6 c is a constant that ranges 
between 0.001 and 1, with 
values of 0.01 typical of 
muddy flows and 0.1 typical 
of granular flows 

Ikeda et al. (2019) 

Qdp = 0.2V5/6 Granular flows Mitchell et al. (2022) 

Debris flow volume (m3) V = 1800 S0.98(*) Debris flow on burned areas- 
USA 

Ma et al. (2013) 

V = 4376 S0.73(*) Debris flow on alpine 
catchments 

Ma et al. (2013) 

V = 337,000 S1.4(*) Debris flow on tropical 
catchments 

Ma et al. (2013) 

V = 1.25Vref I
1.5 Debris flow and debris floods Rickenmann and 

Koschni (2010) 

V = 10(0.019I−1.55)VR0.877 Debris floods with channel 
gradients from approximately 
2%–24% 

Jakob et al. (2022) 

Affected area and runout 
(m2/m) 

A = 0.05V2/3 and B = 200V2/3 Lahars Iverson et al. (1998) 

B = 6.2V2/3 Granular debris flows Crosta and Negro 
(2003) 

A = 0.1V2/3, B = 20V2/3 Non-volcanic debris flows Griswold and Iverson 
(2008) 

A = 0.14V0,52 and B = 6,9V0,83 Granular debris flows Berti and Simoni 
(2007) 

L ∼= 65.3∅ 
− 

1 

2 V 
1 

3 Fans with uniform runout 
patterns and aperture angle 
ranging from 13° to 51° 

Rickenmann and 
Scheidl (2013) 

α = 0.88β Being α and β the runout 
angle and fanhead angle, res-
pectively, measured from the 
point on the stream located 
in the mid-altitude between 
the apex of the fan and the 
catchment divide 

Prochaska et al. (2008a, 
b)
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Fig. 8.8   a Example of debris-flow hazard zonation in Switzerland. b Example of regional frequency‐magnitude 
curve built for Bow Valley debris floods normalized by fan area (from: Jakob et al., 2020, with permission). 

instance, hazard maps are required for inhabited 
areas and form the basis of land-use planning, 
risk assessments and the design of technical or 
nature-based countermeasures. Hazard maps 
are based on information of past events, process 
modeling and an explanatory report; they show 
the expected extent of debris flows (in terms of 
their intensity) for three probabilities of occur-
rence (typically given with 30, 100 and 300 
years, corresponding to 1, 3 and 10 generations 
of residents) (Fig. 8.8a). In Canada, the return 
period ranges include 1000, 3000 and some-
times even 10,000 years. In the Swiss case, the 
combination of intensities with variable event 
probabilities will result in five distinct danger 
levels indicated with colors as in Fig. 8.8. Zones 
for which a significant hazard (red) is defined, 
people are considered at risk both inside and 
outside buildings. Here, the rapid destruction 
of buildings is to be expected or events are of 
smaller intensity but occur with high probability. 
The red area is excluded from any future devel-
opment. In areas considered to be at medium 
hazard (blue), persons are mostly exposed to 
the hazard outside of buildings. Some dam-
age to buildings is expected, but their complete 
destruction is unlikely if certain construction 
standards are present. The blue area is an area 
in which severe damage can be avoided by tak-
ing appropriate precautionary measures on indi-
vidual building level. In the third zone, defined 

by low hazard (yellow), persons are consid-
ered relatively safe. Minor damage to build-
ings or obstructions can occur. The yellow area 
is essentially a warning area and rarely shown 
on debris-flow hazard maps (unlike flooding or 
snow avalanche hazard maps). Similar schemes 
are also recommended in other European coun-
tries (EXCIMAP, 2007). 

In palaeohydrology (Wilhelm et al., 2019), 
FM relationships have been established by fit-
ting a statistical distribution to a censored data-
set of reconstructed events at the catchment or 
regional scales. Reconstructed debris flow data-
sets can be fitted using the extreme-value the-
ory, specifically peak over threshold (POT) and 
Generalized Pareto Distributions (GPD) func-
tions (Jakob et al., 2017). Bayesian approaches 
can be an appropriate technique for combin-
ing expert opinion with available datasets and 
related uncertainties to infer FM relationships 
as well, however with a certain prediction limit 
(Nolde & Joe, 2013; Jakob & Nolde, this vol-
ume). Statistical methods to establish FM rela-
tionships are not to be interpreted as precise. 
First, reconstructed series are far from being 
perfect datasets, and require proper assessment 
and management of uncertainties associated 
with debris-flow reconstructions. Second, tor-
rential catchments may produce events with 
different rheology (i.e. rock avalanches, debris 
flows, hypercontracted floods, clear-water 
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floods), which are generally difficult to dis-
tinguish in reconstructed series. Lack of this 
information may violate the statistical assump-
tion which states that random variables are 
independent and identically distributed, when 
fitting a distribution function. Third, often FM 
statistical methods routinely assume stationar-
ity, which could be wrong for debris-flow pro-
cesses, since these events could respond not 
only to thresholds (Bardou & Jaboyedoff, 2008) 
but also to climate change. For the abovemen-
tioned reasons, the applicability of FM relation-
ships should be performed with caution (i.e. 
Heiser et al., 2022) and validated by an expert 
approach, especially when applied at catchment 
scale and for debris-flow hazard assessment 
(Jakob & Nolde, this volume). 

Several studies have focused on address-
ing these limitations at regional and catchment 
scales over the past few decades. At the regional 
scale, for instance, Hungr et al. (2008) gener-
ated FM regional curves along the west coast 
of British Columbia by plotting the frequency 
against the magnitude on a logarithmic scale 
that accounted for magnitude categories, thereby 
avoiding effects of data censoring. In another 
study at a regional scale, Liu et al. (2008) used 
a large debris flow database in China to infer 
FM relationships by applying power-law prob-
ability distributions and using the catchment 
area as a surrogate of the frequency of events. 
More recently, Jakob et al. (2020) used a multi-
proxy-based reconstruction to retrieve regional 
FM by fitting logarithmic curves and normaliz-
ing by morphometry of fans (Fig. 8.8b). At the 
catchment scale, Bardou and Jaboyedoff (2008) 
and Bennett et al. (2014) reported that the FM 
relationship derived from observed and histori-
cal debris flow data from the Alps followed a 
heavy-tailed pattern. This was corroborated by 
Liu et al. (2008) who used more than 40 years 
of observations to fit exponential functions for 
generating FM relationships. However, they 
also showed the difficulty of providing a unique 
function in catchments where different types of 
events could occur. Consideration of two dis-
tinct populations of data according to the differ-
ent initiation processes (i.e. rainfall-generated 

landsliding causing smaller debris flows and 
large debris flows as consequence of rock ava-
lanches) could be a solution to avoid issues 
related to the heterogeneity of data (Jakob & 
Friele, 2010). Gao et al. (2019) used the power 
law equation to relate the frequency and mag-
nitude of debris flow events in different catch-
ments in China and they also employed a 
linear model to investigate the links between 
the regression coefficients of the equation and 
precipitation records and drainage area. Recent 
observations in experimental flumes by de Haas 
et al. (2018b) revealed that changes in the FM 
curves, could also condition the occurrence of 
avulsion phenomena and the development of 
fans, which have important consequences for 
landscape evolution. 

8.5.1	� Limitations and Prospects 

Driven by climate change, the possible increase 
in debris-flow risk is often a direct conse-
quence of a human-caused increase of exposed 
elements-at-risk on fans (Stoffel et al., this vol-
ume). Consequently, in populated mountain 
regions, the development of appropriate disaster 
risk reduction policies has become increasingly 
urgent. Land-use planning, based on robust 
baseline historical data, is the most efficient 
way for minimizing economic losses and avoid-
ing new settlements in highly exposed places. 
The methods reviewed herein provide an over-
view of how to collect baseline data by recon-
structing the spatio-temporal activity of debris 
flows based on field-truthed evidence. Yet, when 
employing these approaches, several limita-
tions and uncertainties still arise, which should 
be considered to avoid misinterpretation in risk 
assessment. 

It is almost impossible to reconstruct the 
entire debris-flow activity at a specific location 
over a certain period of time. Even when apply-
ing a multiproxy (multi-ensemble) approach, 
dating of debris flows is generally biased toward 
high frequency-low magnitude events. This 
implies that debris-flow data should be con-
sidered as censored, which complicates the 
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applicability of classical frequency analyses. 
On the one hand, the occurrence of large debris 
flows may hinder the recognition of field-based 
evidence of past debris flows. This is the spe-
cific case of botanical dating methods, since 
the forest could be partially destroyed follow-
ing the occurrence of a debris flow (Ballesteros-
Cánovas et al., 2015). Due to the limited 
formation of deposition features or enduring evi-
dence, debris flows that are strictly constrained 
to the channel may also go unnoticed. Each dat-
ing technique has its own limitations, scope, 
temporal coverage, and accuracy, and some-
times it is challenging to integrate different data 
sources. 

Reconstructing the magnitude of debris flows 
has its own limitations. It is challenging to 
assume channel bedrock stability or to consider 
pre-event topographic condition at the level of 
a fan or a channel. To reconstruct the topogra-
phy before the event, it is feasible to use preced-
ing topographic data, old maps, aerial pictures, 
photographs, or field evidence. Yet, differences 
in accuracy, particularly with respect to eleva-
tion, could add significant uncertainties into 
the final outcomes. Moreover, approaches used 
to model previous debris flows may face some 
issues. Thus, debris flows are complex phenom-
ena that could evolve from Newtonian toward 
non-Newtonian phases, involving sophisticated 
numerical models that require large sets of a-pri-
ori unknown parameters (Trujillo-Vela et al., 
2022). To the contrary, the application of sim-
plified empirical equations or model approaches 
could result in misleading magnitude estimates 
(Jakob, 2005). The need to apply one approach 
or another will depend on the ultimate objec-
tive of the study, as well as its financial and time 
limitations, which are generally determined by 
experts or end users. 

The statistical analysis to create frequency-
magnitude relationships requires independent 
and homogeneity assumptions to be fulfilled, 
which are often violated in debris-flow analyses. 
According to Jakob et al. (2013), the independ-
ent assumption is only warranted in transport-
limited catchments. However, de Haas et al. 
(2018a, 2018b) have recently demonstrated that 

the magnitude of debris flows, when evaluated 
at the fan level, could be influenced by previ-
ous events. The homogeneity assumption is 
also difficult to meet because debris flows can 
be caused by many different preconditions and 
triggering factors. This is particularly the case in 
permafrost and transport-unlimited alpine catch-
ments (Bardou & Jaboyedoff, 2008; Lugon and 
Stoffel, 2010). 

Despite these limitations, the most effi-
cient and accurate approach to performing risk 
assessment is to gather baseline debris-flow data 
based on field-truthed evidence. In particular, 
absolute dating techniques provide a time scale 
ranging from thousand to centuries, which is 
an appropriate timeframe for most engineering 
projects to be undertaken in mountain regions 
(Jakob, 2021). Requesting high return peri-
ods for any assessment could be considered 
quite naïve, given the limitations of the FM 
curves when extrapolating beyond the observa-
tion period and in view of the uncertainties that 
arise with climate change (Jakob et al., 2020). 
Further, lumped-based models or the applica-
tion of hydrological/hydraulic models forced 
with climate variables (either observed, interpo-
lated or from ensembles of global/regional mod-
els) require, in any case, a reliable calibration 
against truth-evidence that can only come from 
the historical record or from the reconstruction 
of past events (Jakob et al., 2022). Also, these 
approaches tend to oversimplify processes that 
occur at the interface between the hillslope and 
the channel. Instead, different international and 
national policies and strategies dealing with 
disaster risk reduction recommend that a robust 
assessment based on the observed and recon-
structed impacts of larger events is a more pru-
dent and rational approach for developing further 
adaptation strategies in highly vulnerable moun-
tain regions (i.e. EXCIMAP, 2007). This will 
be even more relevant in developing countries, 
where the impacts of socio-economic develop-
ment and climate change could be significantly 
greater than their land-use planning capacity, 
which relies on limited-baseline information, 
thereby causing long-lasting anomalies and trig-
ger future risk situations (Allen et al., 2018).
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Detailed analyses of past debris-flow activ-
ity will always be necessary at the local level 
not only to minimize future impacts but also 
to contribute to the scientific advancement of 
the discipline, by allowing hypothesis test-
ing and discarding of previously established 
theories. Nevertheless, in the coming decades, 
remote sensing approaches will become more 
relevant, since the quality and quantity of avail-
able remote sensors will improve, allowing 
near-real-time monitoring of debris-flow activity 
worldwide. These data sources will undoubtedly 
contribute to enriching regional archives with 
the potential to systematically cover more than 
half a century (Landsat 1 was launched in 1972). 
When combined with techniques for machine 
learning, remote sensing, and in-situ assess-
ments, these will improve definition of debris 
flow hazard at regional and local scales. 

8.6	� Concluding Remarks 

Since the publication of the first edition of 
the book Debris-Flow Hazard and Related 
Phenomena (Jakob & Hungr, 2005), several 
advances have been made in the reconstruction 
of debris-flow events. Field-based assessments 
are required to characterize hazard processes 
and to distinguish between different flow pro-
cesses that could co-occur in mountain catch-
ments. In the absence of historical and observed 
records, dendrogeomorphic approaches are 
highly valuable as they can help improve the 
spatiotemporal resolution of debris-flow activity 
on forested fans and cover events that occurred 
over the past centuries. Radiometric dating tech-
niques are essential to date sediment, especially 
in the case of ancient events or in environmen-
tal settings where botanical evidence is not 
available. Approaches based on remote sensing 
are advantageous when studying debris-flow 
activity over the past few years or in remote 
areas. The application of these approaches is 
greatly dependent on catchment characteris-
tics, although the optimum spatial and temporal 
resolution is obtained by combining multiple 
methods (Imaizumi et al., 2016a, 2016b). On 

the other hand, over the past few decades, a vari-
ety of empirical equations have been proposed, 
intending to estimate debris-flow magnitude. 
Similarly, the increased availability of easily 
configurable numerical hydrodynamic mod-
els and the availability of reasonable resolved 
topography data make the use of retrospective 
modelling procedures against physical evidence 
highly recommended, particularly if the ultimate 
objective is to perform hazard and risk assess-
ments. In this sense, the approaches provided 
here are grounded in truth-evidence and will 
contribute to assertive spatial decision-making 
aimed at building a more resilient society to 
foreseeable challenges. 
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